Light-assisted 3D direct-printing of biomaterials and cellular-scaffolds has the potential to develop novel lab-on-a-chip devices (LOCs) for a variety of biomedical applications, from drug discovery and diagnostic testing to in vitro tissue engineering and regeneration. Direct-writing describes a broad family of fabrication methods that typically employ computer-controlled translational stages to manufacture structures at multi-length scales. This review focuses on light-assisted direct-write fabrication for generating 3D
I. Introduction
Over the years, lab-on-a-chip platforms (LOCs) have been extensively developed for the measurement of fundamental biological components (blood glucose, coagulation, cardiac), health biomarkers (metabolic disorders), and infectious agents (pathogens, viruses, anthrax), and have been used for in vitro diffusion models (e.g. protein kinetic measurements, glucose concentration monitoring) as well as human tissue models (heart, lung, liver on a chip). 1, 2 More recently, researchers have sought to develop LOCs with 3D multicellular environments better mimicking native tissue while permitting user controlled modification. 2, 3 Bioprinting platforms for these types of tissue engineered constructs have immense potential in generating more physiologically relevant LOCs, enabling the rapid screening of toxins, drugs, and ligands in addition to investigating fundamental cell biology in a more native, yet controllable micro/nano 3D environment. 4, 5 The evolving fields of tissue engineering and regeneration, and in larger context, bioengineering and its associated areas, have advanced in tissue culture in order to mimic one or several aspects of the physiological/pathophysiological environment. [6] [7] [8] [9] This refinement has progressed from two-seeding and encapsulation. 2D refers to flat substrates with cell-substrate interactions primarily in the XY plane and negligible interactions along the z-direction. 3D substrates consist of either defined or random anisotropic architecture along the z-direction. Several studies have demonstrated that cells grown in 2D cultures display inconsistencies with the physiological in vivo environment with respect to morphology, cell-cell and cell-ECM contacts, proliferation and differentiation. 10 Thus, research has prompted the development of various biofabrication methods in order to more effectively recreate the native 3D tissue.
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3D biofabrication is primarily divided into two types: computer-assisted and process-directed techniques. Processdriven fabrication methods -those which do not utilize computer control or direct placement -include freeze-drying, 12 salt leaching, 13 electrospinning, 14 porogen melting 15 gas foaming, 16 and fiber deposition. 17 These methods allow control over bulk physical properties (e.g. material stiffness, swelling, etc.), however the resulting internal architecture is relatively uncontrolled. Computer-assisted direct-writing approaches, on the other hand, are capable of precisely dictating the internal architecture at the micro-and nanoscale, and thus facilitating greater control at the cellular and subcellular level. Direct-writing techniques, typically referred to as free-form fabrication or rapid prototyping, are well suited to manufacture 3D scaffolds with orthogonal control over fabrication parameters. 18, 19 In most cases, a user-defined 3D structure is modeled using a computer software and broken down into a series of transverse-plane image slices. These slices are created as thin 2D layers for stacking in a layer-by-layer fashion (additive manufacturing), and a 3D scaffold is fabricated according to these image slices by translating either the computer-controlled stage or the deposition source in XYZ directions. Directwriting allows the investigation of one or several biophysical parameters such as internal-architecture and mechanical properties. This approach also permits the use of a wide array of physiological components, such as biochemicals and encapsulated cells, in a modular fashion. Within the confines of direct-writing, the utility of light (e.g. laser or UV) offers a precise, rapid, and cost-effective way to fabricate 3D bio-structures at the micro-and nanoscale. This review will discuss two light-assisted direct-write bioprinting platforms and applications of each: (A) projection printing and (B) laser-based systems, in addition to highlighting some commonly used biomaterials.
Biomaterials
Numerous monomers and a selection of photoinitiators provide many permutations of materials for light-assisted fabrication systems. 19 Monomers of different chain lengths and chemical species at varying concentrations can be used to tune mechanical properties, porosity, and osmotic swelling of the resulting polymerized gels. Modulation of light intensity can also vary the degree of polymerization, additionally affecting these parameters. Though many conventional hydrogels such as agarose and polyacrylamide have been used in light-assisted printing, we will focus on three extensivelyutilized, biocompatible, photocurable biomaterials which form hydrogels through free-radical photopolymerization: synthetic poly(ethylene glycol) diacrylate (PEGDA), 20, 21 and naturally-derived gelatin methacrylate (GelMA) 22 and hyaluronic acid (HA). 23 For a more complete list of polymers used in hydrogel fabrication, the reader is asked to consult the ref. 24 and 25 . PEGDA provides an excellent material for biomedical applications because of its high water content, biocompatibility and tunable mechanical properties. 26 Like many monomers, PEGDA may be synthesized at different molecular weights (typically 700-10 000 Da, in accordance to the number of polymer chains) and poly-distributions to generate polymerized gels of varying crosslinking densities and materials properties (e.g. stiffness, swelling, porosity). Moreover, multiple PEGDA monomers may be mixed at different concentrations to further alter the aforementioned material properties (e.g. 10 kDa PEGDA mixed with 700 Da PEGDA). Some synthetic materials like PEGDA are nondegradable, however chemical modification or mixing with other materials (e.g. DTT) may achieve a predictable degradation effect. 27 For cell seeding, PEG scaffolds require the grafting of adhesive peptide sequences (e.g. RGDS and YIGSR) or adhesive proteins (e.g. fibronectin and laminin). Naturally derived hydrogels made from gelatin methacrylate (GelMA) have biologically active sequences that bind key integrins, enabling cells to adhere and migrate onto the structure. 22, 28 GelMA is generally a xenogenic modified macromer, therefore relatively inexpensive depending on the source and has the associated limitations in vivo. Hyaluronic acid (HA), a naturally occurring native ECM component and FDA-approved biomaterial, is a non-immunogenic polymer known to be important in wound healing. For instance, exogenous HA has been shown to reduce scar formation and promote regeneration in peripheral nerve injuries. 23 Since various biochemical moieties can be functionally introduced along the HA polymer backbone, a photopolymerizable form of HA has been created through the addition of methacrylate groups, termed glycidyl methacrylate-modified HA (GMHA). GMHA scaffold surfaces can be further modified to incorporate the cell-adhesive protein laminin. The library of photopolymerizable materials continues to expand with the development and modification of new and existing monomers/macromers, respectively, such as the aforementioned GMHA and GelMA, and thus light-assisted printing has the ability to work with an abundance of materials.
II. Projection printing systems
Digital mask (i.e. "maskless") projection printing is a type of stereolithography which uses a digital micro-mirror device (DMD) found in conventional computer projectors to polymerize and solidify a photosensitive liquid prepolymer using either UV or other light sources. 19, 21, [29] [30] [31] [32] [33] [34] [35] [36] Fig . 1A shows a version of the maskless projection printing system called the dynamic optical projection stereolithography (DOPsL) platform. 20, 21, [37] [38] [39] [40] [41] [42] The "maskless" or digital mask option allows for the use of controllable and interchangeable reflected light patterns rather than static, more expensive physical masks (such as those used in photolithography). The system spatially modulates collimated UV light using a DMD chip (1920 × 1080 resolution) to project custom-defined optical patterns onto a photocurable prepolymer solution. The DMD chip serves as an array of reflective coated aluminum micromirrors, capable of redirecting light to two states [0,1], tilted with two bias electrodes to form angles of either +12°or −12°w ith respect to the surface. Illumination from the light source reflects into the projection lens only when the micro-mirror is in its arbitrary "on" state. In the "off" state, the pixel appears dark as the illuminated light is reflected away from the projection lens.
To generate 3D structures, projection stereolithography platforms such as DOPsL employ a layer-by-layer fabrication procedure. Often, a 3D computer rendering (made with a CAD software or CT scans) is deconstructed into a series of evenly spaced planes, or layers. The pattern for each layer is displayed on the DMD chip, exposing UV light onto the photocurable material. After one layer is patterned, the substrate is lowered using an automated stage and the next pattern is displayed. The user has control over the stage speed, intensity of the light, and height of the structure, allowing for the fabrication of various complex structures, such as spiral domes, pyramids and microwells (Fig. 1B) . 41 Fig . 1C demonstrates a complex vascular structure fabricated in PEGDA using this technology, another example of its versatility. As previously mentioned, mimicking the native tissue microenvironment with respect to architecture and material properties is key to the design of these 3D biostructures. We will illustrate projection printing's increasing importance and utility in the tissue engineering field with several examples. From Gauvin et al., hydrogels comprised of GelMA were fabricated in 3D log-pile and hexagonal layered constructs ( Fig. 2A) . 22 Mechanical properties were varied by the geometry and prepolymer concentration (Fig. 2B) , and following, cell migration and proliferation into the scaffolds were monitored (Fig. 2C ). Log-pile and hexagonal structures displayed different moduli even when the prepolymer solution remained constant (10% GelMA). Importantly, the results from this study demonstrated the capability of the projection printing systems to generate cell-compatible scaffolds with tailored mechanical properties (by either varying prepolymer concentration or the micro-architecture). In another example, Lin et al. utilized projection printing to investigate cellular responses to varying scaffold porosities (Fig. 3A) . 34 After encapsulating adipose-derived stem cells within the structures and incubating for seven days, an MTS assay reported a higher cell viability and activity of the cells in porous structures than in solid, non-porous structures (Fig. 3B) . Another parameter in tissue engineering -Poisson's ratio (PR) -has also been investigated using projection printing. 39, 40, 42 In general, the mechanical properties of a biomaterial scaffold can be quantitatively described by its elastic modulus and PR. Elastic modulus of the underlying substrate describes the material's elastic behavior during loading, while PR refers to the degree at which the scaffold contracts/expands in the transverse direction. Previously, research has extensively reported on the connection between a substrate's elastic modulus and cell response. 43, 44 PR has been less explored with conventional manufacturing approaches (e.g. annealing of polyurethane foams), because they offer little control over the microarchitecture. 45, 46 Light-assisted direct-writing, on the other hand, can provide precise control over this parameter. For instance, our lab used the DOPsL platform to fabricate unit-cell geometries for negative Poissson's ratio (NPR) (re-entrant structure, missing rib model) and zero Poisson ratio (ZPR) (semi-reentrant structure) scaffolds (Fig. 4A ). Fig. 4B shows a structure undergoing tensile stress and expanding in the transverse direction, thereby demonstrating NPR. Analysis of the PR effect according to several unit-cells is documented in Fig. 4C . Scaffolds exhibiting NPR (those which expand upon application of tensile stress) or ZPR may be more suitable for emulating the behavior of certain native tissues (e.g. expansion in blood vessels), and could be further investigated with projection printing. These examples and others serve to demonstrate the versatility of projection printing systems in fabricating complex 3D structures of varying topographical features, mechanical properties, and porosity. Additionally, projection printing offers superior fabrication speeds (e.g. DOPsL fabricates within seconds) as compared to serial writing of two/multiple-photon polymerization. 19, 41 However, limitations include the resolution feature size (due to limitations of the projection lens and material swelling), the requirement of using photopolymerizable materials, and the effect of UV exposure to cells and photosensitive biomaterials. 19, 47 Improved optics will continue to enhance the resolution, and the expanding library of photopolymerizable materials will allow for increased scaffold complexity.
III. Laser-based techniques
Many of the concepts introduced with the projection-based systems, including material selection, geometry optimization, cell seeding and encapsulation design, also apply to the laser-based systems. 18 Historically, laser-based printing techniques such as laser-direct-writing, 48, 49 laser-induced forward transfer (LIFT), 50 matrix-assisted pulsed laser evaporation (MAPLE) 51 etc., have been used to spatially pattern cells in 2D, 52, 53 with limitations of low cell viability and throughput.
Recently, 3D laser bioprinting has evolved to additive manufacturing (e.g. layer-by-layer). [54] [55] [56] 3D laser direct-writing incorporates a CAD model numerically sliced into a series of 2D layers, and fabricates 3D structures utilizing a motorized stage (controlled in XYZ) to manipulate the sample or laser (Fig. 5A) . 33, 57 Laser-based fabrication differs from projection printing primarily in its light source, [58] [59] [60] where a laser focused through an objective lens is used to crosslink and polymerize a liquid biopolymer. Writing width can be modulated and controlled by exposure energy -dictated by the beam size and laser power -and writing speed. After the first layer is crosslinked, the stage moves downward and a new layer of polymer is solidified according to the design. One such system, termed SLA (stereolithography apparatus), employs a focused singlephoton UV laser to polymerize photocurable materials. 57 Chan et al. used SLA for generating controlled 3D structures to co-culture a heterogeneous cell distribution and assess long-term cell viability (Fig. 5B) . In a similar laser setup, Mapili et al. demonstrated a multilayer PEG hydrogel scaffold functionalized with heparin or RGD-peptide sequences for cell adhesion (Fig. 5C ).
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Two-photon polymerization (TPP) is another type of laserbased direct-writing which uses focused near-infrared (NIR) femtosecond laser pulses (wavelength~800 nm) to trigger crosslinking of a photosensitive biomaterial. 62 In this fabrication technique, simultaneous absorption of two NIR photons generates free radicals to initiate the polymerization of volume-blocks (voxels). [63] [64] [65] A distinct advantage of this system is the nonlinear nature of the laser-material interaction, achieving feature sizes below the diffraction limit of applied light. This process allows for better resolution at the expense of slower speeds and limited scalability (due to fabricated by decreasing the laser-power from top to bottom. Biochemicals such as growth factors can be incorporated in these arrays. 66 (E) 3D migration of cells within an RGD-modified PEG hydrogel, fabricated by TPP. Scale bar = 100 μm. restrictions of the objective lens' working distance) compared to single photon polymerization (e.g. SLA) (Fig. 6A) . Fig. 6B shows a typical TPP laser setup. In tissue engineering applications, TPP has been exploited to generate precise microscale biomaterial structures. For instance, in Fig. 6C , TPP was used to fabricate a 3D log-pile structure (1 micron width lines) made of PEGDA with spacing of 8 μm. In another example, a gradient array of microdots (2-10 microns in diameter) was fabricated using a mixture of PEGDA and Cultrex 3-D Culture Matrix, a type of standardized basement membrane extract (Fig. 6D) . 66 Lee et al. also demonstrated TPP fabrication of RGD-modified hydrogels to dictate cell migration in 3D (Fig. 6E) . 67 These examples demonstrate TPP's ability to chemically pattern and generate biostructures at cellular and subcellular scales. Additionally, one can use TPP to explore the interaction of topographical features and single cell response. Similar to a study described in the projection printing section, Zhang et al. fabricated PEGDA-derived scaffolds exhibiting either NPR or PPR (negative or positive Poisson's ratio, respectively) (Fig. 6F) . 68 Cell motility, orientation, and proliferation varied between NPR and PPR constructs, suggesting that PR plays a role in cell fate (Fig. 6G) ; further tests are needed to promote this claim, however. Importantly, single cell studies are possible with TPP due to its high resolution of fabrication, compared to single photon or projection printing.
Conclusion
Both projection printing (e.g. DOPsL) and laser-based directwriting systems (SLA, TPP) offer promising technologies to fabricate 3D bioconstructs with precise micro-and nanoarchitecture. Though these processes require photopolymerizable materials, the library of such materials continues to expand, accommodating for various scaffold properties (e.g. stiffness, porosity, swelling) in a 3D setting. Additionally, projection printing allows for the rapid printing of various complex structures, demonstrating its potential for high throughput screening. Though typically slower than projection printing (and SLA), TPP provides a high-resolution alternative to directwriting for the fabrication of nanoscale features, and could play a significant role in single cell analysis in the years to come.
More interesting yet, combining several platforms such as projection printing and TPP could enable researchers to study a multitude of parameters in 3D. Light-assisted directwriting could also complement non-light-assisted directwriting platforms (e.g. nozzle-based or extrusion systems) for generating precise nano/microscale features and chemical patterning within a larger scaffold. In the years ahead, we welcome the convergence of multiple printing technologies in the pursuit of growing physiologically relevant 3D tissue constructs in vitro (i.e. tissue-on-a-chip). Such in vitro biomimetic LOCs will enable us to more accurately answer basic cell biology questions and monitor various testing parameters (e.g. drug toxicity/discovery, (patho)physiology) prior to more expensive in vivo models.
